ABSTRACT
Good handwriting is crucial for academic progress, social and communicative development, and the building of self-esteem. 1, 2 Poor handwriting was noted in the original description of Asperger syndrome 3 and it has since been demonstrated that individuals with autism spectrum disorders (ASD) have impairments within multiple domains that contribute to handwriting. For example, problems with fine and gross motor functions are consistently observed in individuals with ASD. [4] [5] [6] [7] Such problems could make precise manipulations of a writing tool difficult. In terms of sensory functioning, first-hand accounts from individuals with ASD reveal difficulties in sensing limb position, 8 and experiments have indirectly suggested that children with autism have proprioceptive deficits. 9, 10 The inability to accurately sense where their limbs are in space could leave patients unable to develop fluid, automatic handwriting. Visual differences have also been observed between individuals with and without ASD: individuals with ASD demonstrate a visual bias to focus more on details, or local features, as opposed to the whole, or global features. 11 In other words, while typically developing populations are said to see "the forest rather than the trees," individuals with ASD are said to see "the trees at the expense of seeing the forest." Differences in visual perception may affect how the shapes of letters are perceived and subsequently reproduced, a hypothesis that is supported by ASD subjects' piecemeal strategy and configural violations when copying drawings. 12 Previous studies have suggested that children with ASD have impaired handwriting abilities relative to controls, but these conclusions were inferred from tasks involving copying geometric figures (e.g., the Developmental Test of VisualMotor Integration 13 ) or tasks that additionally involve executive functioning and memory (e.g., the Coding subtest of the Wechsler Intelligence Scale for Children-IV [WISC-IV] [14] [15] [16] ). One study assessed freely written handwriting samples from adults with and without ASD and found that the ASD group wrote significantly larger than the control group. 17 Writing large letters does not in and of itself account for poor quality handwriting; thus we predict that handwriting impairments in individuals with autism go beyond size abnormalities. In this study we asked whether, consistent with common observations, children with ASD show overall handwriting impairments, and if so, whether these impairments are in specific qualitative categories.
METHODS Subjects. Twenty-eight subjects between 8 and 13 years of age participated in the study: 14 with ASD (3 female) and 14 typically developing controls (5 female). Based on performance on the WISC-IV, 14 all children had full-scale IQs (FSIQ) greater than 80, with the exception of 2 children with ASD who had marked discrepancies between factor scores (subject A: Perceptual Reasoning Index 96, Working Memory Index 56, FSIQ 67; subject B: Perceptual Reasoning Index 83, Working Memory Index 68, FSIQ 71). All subjects had Perceptual Reasoning Indices (PRI) greater than 80. Research suggests that task-specific measures of intelligence provide more appropriate assessments of intellectual abilities in children with ASD than do general measures. 18 Here the PRI was used as the primary intelligence measure since the study involved nonverbal, perceptually based motor tasks.
Children with ASD were recruited from outpatient clinics at the Kennedy Krieger Institute in Baltimore and from local Autism Society of America chapters, schools, social groups, and pediatricians' offices. Children met DSM-IV criteria for ASD according to the Autism Diagnostic Observation Schedule-Generic (ADOS-G) 19 and the Autism Diagnostic Interview-Revised (ADI-R). 20 Children with identifiable causes of autism (e.g., fragile X syndrome) and known neurologic disorders were excluded.
Subjects in the control group were free of neurologic, developmental, or psychiatric disorders and had no immediate family member with a pervasive developmental disorder. Psychiatric diagnoses were ruled-out based on the Diagnostic Interview for Children and Adolescents, 4th edition (DICA-IV).
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Standard protocol approvals, registrations, and patient consents. Written assent to participate was obtained from children, and written consent was obtained from a parent or guardian. Protocols were approved by the Johns Hopkins Institutional Review Board.
Procedure. Subjects were administered the Minnesota Handwriting Assessment. 22 The assessment presents a sample of the following words: "The brown jumped lazy fox quick dogs over" (figure 1). Presenting the words scrambled eliminates any speed advantage of more fluent readers. 23 Subjects were instructed to copy the words on the provided solid lines (baselines) on the lower half of the test sheet, making their letters the same size as the sample and using their best handwriting.
Subjects' motor skills were assessed using the Revised Physical and Neurological Examination for Subtle (Motor) Signs (PANESS). 24 The PANESS consists of several categories, including stressed gaits, balance, and timed movements. Stressed gait tasks include heel walking, toe walking, walking on the sides of the feet, and tandem walking. Balance tasks require standing and hopping on one foot. Timed movement tasks include repetitive movements (hand patting, finger tapping, foot tapping) and patterned movements (hand pronation-supination, finger apposition, heel-toe tapping). In previous studies, children with ASD have performed worse on the PANESS relative to controls. 4, 25, 26 Subjects also underwent the Block Design test, a core subtest of the WISC-IV that assesses visuospatial abilities. For this test, subjects were timed as they reconstructed a series of complex designs by properly assembling a set of blocks whose surfaces are components of the larger patterns. Previous studies have demonstrated that subjects with ASD perform better (i.e., faster) than controls on this task. This is thought to be due to a local visuospatial bias in subjects with ASD, which gives them a superior ability to segment objects into components.
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Analysis. Handwriting samples were scored according to the Minnesota Handwriting Assessment scoring protocol. 22 Letters were scored on an individual basis in 5 categories:
Category 1: Legibility. Letters must be present, recognizable out of context, have all parts complete, and be lowercase. If these criteria are not met, the letter is marked as an error in all 5 categories.
Category 2: Form. Overall letter quality must be good. Letters must not have gaps or extensions greater than 1 ⁄ 16 of an inch. Curved segments cannot have sharp points, and pointed segments cannot be curved. Letters must not contain extra lines.
Category 3: Alignment. Letters must rest within 1 ⁄ 16 of an inch above or below the baseline.
Category 4: Size. The tops of letters with ascenders (e.g., k) must be within 1 ⁄ 16 of an inch of the top solid line. The tops of letters without ascenders (e.g., a) must be within 1 ⁄ 16 of an inch of the middle dotted line. The bottoms of letters with tails (e.g., g) must be within 1 ⁄ 16 of an inch of the bottom dotted line.
Category 5: Spacing. Letters within words can be neither touching nor over 1 ⁄ 4 of an inch apart. The distance between words must be at least 1 ⁄ 4 of an inch.
In addition to the 5 qualitative categories, subjects also received a rate score, earning 1 point for each letter completed within the first 2.5 minutes of the assessment. Combining the 5 qualitative scores with the rate score, each of the 34 letters could earn up to 6 points, for a maximum total score of 204.
There are limitations to the assessment's accuracy; imprecise measurements and inconsistencies with judgment of legibility and form quality are possible. To minimize these errors, 2 raters, both blind to group classifications, independently scored each sample, and the averages of these scores were used in the analyses. Scoring between our raters was reliable, with high intraclass correlation coefficients for total score (0.975) as well as form score (0.909), the most qualitative subscore in the assessment.
Mean total handwriting scores, as well as mean scores in the 5 qualitative categories and rate, were compared between ASD and control groups with Student t tests. Student t tests were also used to compare age, FSIQ, PRI, Block Design scores, and PANESS scores between the 2 groups. Within-and across-group stepwise multiple regressions were performed with handwriting scores as the dependent variable and age, gender, FSIQ, Block Design scores (i.e., visuospatial ability), and PANESS scores (i.e., motor function) as predictor variables.
RESULTS
There was no significant difference between groups in age, PRI, or Block Design score. Consistent with previous studies, a significant difference was found for performance on the PANESS, with the control group performing better overall (i.e., earning lower scores) than the ASD group, as well as specifically performing better in the gait/ stances and timed movements subcategories (table) .
Children within the ASD group demonstrated a range of handwriting abilities; figure 1 shows one low-scoring ASD sample and one high-scoring sample. Overall, total handwriting scores were lower in the ASD group than the control group ( p ϭ 0.025, figure 2 ). Within the assessment's subcategories, ASD subjects scored lower in form ( p ϭ 0.006, figure 2), but no group differences were found for any other category (table). Figure 3 shows examples of common ASD form errors, such as sharp points in sections that should be curved and large extensions, compared with performance from control subjects. The average form score for the ASD group was 24, which is below that previously reported for "somewhat below average" 6-to 8-year-old typically developing children. 22 Stepwise multiple regressions were performed with age, gender, FSIQ, Block Design score, and PANESS total score or PANESS timed movement score as predictors for handwriting scores. PANESS timed movement scores were the strongest predictors of handwriting performance within the ASD group (e.g., form: R 2 ϭ 0.52, p ϭ 0.004; total: R 2 ϭ 0.56, p ϭ 0.002). The PANESS total score was also significantly predictive of handwriting scores, though slightly less so than the timed movement component. Figure 4 shows the relationship between the PANESS timed movement score and total handwriting score for ASD subjects and controls. Controls had a truncated range, since they performed well on both tests, and therefore showed no significant relationship, whereas the ASD group showed a clear relationship between these parameters.
The only parameter to predict handwriting scores within the control group was gender, which predicted form and alignment performance (form: R 2 ϭ 0.32, p ϭ 0.036; alignment: R 2 ϭ 0.31, p ϭ 0.040). In these categories control girls performed better than boys Handwriting samples from subjects with autism spectrum disorders (ASD)
Subjects copied the top sample (A). The ASD group consisted of children with a range of handwriting skills. Samples are from one of the lower scoring subjects with ASD (B) and from a higher scoring subject from the ASD group (C). Within the ASD group, there was no significant difference in handwriting scores based on gender.
DISCUSSION We show that children with ASD have lower overall quality of handwriting related to motor difficulties that may impede the proper formation of letters. While their overall quality is worse, children with ASD are able to align, size, and space their letters as well as control children. Despite its inherent qualitative nature, the Minnesota Handwriting Assessment has been praised as a strong tool for evaluating handwriting. The test yields both high interrater and intrarater reliability. 23 Furthermore, detailed training and practice scoring provided by the manual, as well as the use of ruler measurements to guide scoring, uniquely improve assessment. In a review of handwriting tests, the Minnesota Handwriting Assessment was described as a tool that "is easy to score and administer and yields a more quantitative result than most handwriting assessments." 28 The test also has strong construct validity, successfully predicting subjects who are subjectively labeled by their teachers as having "good" or "bad" handwriting. 1 We found that individuals with ASD were not worse than control subjects at aligning their letters on the specified lines or sizing their letters to match the sample. These features are specified in the task directions and are the most dependent on attending to the task. The lack of difference in performance within these realms strongly suggests that the ASD group attended to the task's directions as well as the control group.
Although there was no difference in rate scores between the ASD and control groups, we cannot conclude that children with ASD write at the same rate as control children. In line with the Minnesota Handwriting Assessment scoring, subjects only began to lose points for rate if they did not complete the test within 2.5 minutes. Almost all subjects (10/12 control, 9/12 ASD) completed the test within the time limit, so we cannot assess rate differences within these subjects (e.g., a subject who took 1 minute to complete the test received the same rate score as a subject who took 2 minutes). Rather than setting a predetermined time limit, future studies should look for group differences in average time for completion.
Previous studies have found that individuals with autism are perceptually biased toward local features, as opposed to control subjects, who are biased toward global features. The Block Design test is a classic task used to demonstrate this bias, as subjects with ASD reproduce the patterns more quickly than control subjects. 27, [29] [30] [31] [32] It is hypothesized that this superior performance is linked to an improved ability to segment the patterns (i.e., see the local components) and in turn more easily construct the patterns from smaller pieces. We hypothesized that visuospatial biases may influence handwriting by affecting subjects' visual representations of letters. We found, however, that visual biases, as determined by Block Design scores, did not predict handwriting performance. Since our methods only analyzed the completed handwriting sample, it is possible that visual biases for local features may have influenced the strategy of individuals with ASD. This possibility is supported by a study that showed that when boys with ASD copied drawings of objects they were more likely Average total and form handwriting scores across groups
The control group averaged significantly higher total (A) and form (B) handwriting scores than did the autism spectrum disorders (ASD) group. Error bars represent standard error (*p Ͻ 0.02, **p Ͻ 0.01).
Figure 3 Examples of autism spectrum disorders (ASD) form errors
Examples of common form errors demonstrated by subjects with ASD and well-formed corresponding letters by control subjects (CTL). Some featured errors included sharp points in sections that should be curved (o and s), extensions greater than 1 ⁄16 of an inch (b), and generally poor quality (k).
than controls to begin by drawing local features rather than the overall outline and they tended to continue drawing in a piecemeal fashion. 12 Individuals with ASD may use a more local strategy for drawing letters, or it is possible that letters are so commonly viewed that they are visually processed more automatically, not requiring the build up of local features into a whole that more novel visual stimuli require. This seems likely given that our subjects were all fluent readers. Either way, within our sample the final quality of handwriting was not affected by visuospatial biases. Other senses, such as proprioception, were not examined; how other sensory issues contribute to handwriting in autism should be examined in future studies.
A number of studies have demonstrated that individuals with autism have problems with motor functions. [4] [5] [6] [7] The PANESS in particular has been used to demonstrate basic motor impairments in children with ASD relative to controls. 4, 25, 26 Consistent with these results, our ASD group scored significantly worse on the PANESS than our control group, demonstrating general motor impairments.
Unlike visuospatial abilities, within the ASD group motor performance predicted overall handwriting quality, as well as performance within a number of the assessment's subcategories, suggesting that general difficulties with motor control contribute to lower quality handwriting. These results suggest that without steady motor control one cannot accurately and fluidly control hand and arm movements. Asperger noted such a relationship when commenting on one of his original patients: "this motorically clumsy child had atrocious handwriting . . . The pen did not obey him." 3 Within the PANESS, performance on timed movements-the movements requiring the greatest fine motor control-was specifically linked to handwriting performance, which corroborates findings suggesting a relationship between complex finger movement abilities and handwriting. 33 No such relationship was found within the control group, likely due to the group's lack of variability in scores. While within the control group girls performed better than boys in some categories, no gender difference was found within the ASD group, possibly due to motor impairments overshadowing gender effects.
Performance in form observed in our ASD group, which had an average age of 10.2 years, is below that previously reported in younger typically developing children: "somewhat below average" 6-to 7-yearolds scored between 25 and 29 and 7-to 8-year-olds between 28 and 30. 22 Despite being older than these groups and being intelligence matched to our older control group, our subjects with ASD averaged a form score of only 24. This suggests that handwriting impairments in children with autism do not simply reflect a developmental delay. These results are only generalizable to individuals of average intelligence whose primary deficit is autism.
Our finding that subjects with ASD did not size their letters differently than controls is inconsistent with the previous result that adults with ASD demonstrate macrographia, sizing letters larger than controls. 17 In our task, however, instructions specified that letter size match the sample, while in the previous study size was not specified. Furthermore, given that the previous study was performed in adults, subjects may have learned to draw letters larger to compensate for difficulties with fine motor control. Our younger subjects may not yet have adapted this strategy or could not use it given that the task instructions specified letter size. Even within the adults study, the authors commented that many handwriting samples from subjects with ASD were subjectively hard to read, and they speculated that this poorer quality and macrographia were related to motor coordination impairments.
While unable to use a compensatory sizing strategy, observations suggest that our ASD subjects exhibited other compensatory motor techniques. For example, 2 of the highest scoring subjects with ASD gripped their dominant forearms with their nondominant hands to help steady their movements, a strategy they were taught in school. These observations, in combination with the result that motor abilities strongly predict Physical and Neurological Examination for Subtle (Motor) Signs (PANESS) scores predict overall handwriting scores in subjects with autism spectrum disorders (ASD)
Only within the ASD group, PANESS timed movement scores predicted total handwriting scores (R 2 ϭ 0.56, p ϭ 0.002). Higher handwriting scores represent better performance, while higher PANESS scores represent worse performance. Solid line represents ASD group's least squares fit; dashed line represents control group's fit. CTL ϭ controls.
handwriting performance, suggest that therapies targeting motor control are the best approach to improving handwriting in individuals with autism.
